The unmanned surface vehicle (USV) integrated with acoustic modems has some advantages such as easy integration, rapid placement, and low cost, which becomes a kind of selective novel node in the underwater acoustic (UWA) communication network and a kind of underwater or overwater communication relay as well. However, it is difficult to ensure the communication quality among the nodes on the network due to the random underwater acoustic channel, the severe marine environment, and the complex mobile node system. Aiming to model the communication characteristics of the USV, the multipath effect and Doppler effect are main concerns for the UWA communication in this paper, so that the ray beam method is utilized, the channel transmission function and the channel gain are obtained, and the mobile communication quality evaluation model is built. The simulation and lake experiments verify that the built mobile UWA communication quality evaluation model on USV can provide preference and technique support for USV applications.
Introduction
As unmanned platform and relative technology developed, the unmanned platform has become a hotspot for the ocean technique research and development which provides technique support for underwater network mobile relay and topology optimization [1] . In particular, the USV integrated with underwater acoustic modem has some advantages such as easy integration, rapid placement, and low cost so that it becomes a selective novel node for underwater network and a kind of underwater or overwater communication relay as well. Researchers at the University of Porto used the unmanned ship called ZARCO to carry out the communication and positioning research among the autonomous underwater vehicles (AUVs) [2] . Massachusetts Institute of Technology researched and developed the unmanned ship SCOUT [3] . They realized the underwater communication among several USV by UWA communication modems, which can be used for developing the unmanned ship based communication and positioning system. Murphy and his fellows developed an underwater communication system CAPTURE and designed the UWAC abstract physical layer for providing underwater data and image communication relay of different resolution ratio between mother vessel and AUVs [4] . Several recycle experiments including underwater data and sonar image were carried out in 2011 and 2012, which verified the practicability of the system. However, all these mentioned application experiments have met the same problem that UWA channel is time-space-frequency varying. In this experiment, the narrow pass band, the strong multipath effect, the severe signal fading, and the obvious Doppler effect have caused the instability of the communication link [5] . Currently, underwater acoustic communications still rely on extensive field experiments to evaluate the performance of the physical-layer algorithms [6] .
In recent years, many efforts have been done to characterize the path statistics which showed that some simple channels could be used to describe the communication link. These statistic models included the Rayleigh [7] , the Rician [8] , the Nakagami-m [9] , and the distributed probability distribution [10] . It was not considered that the parameters affect the communication performance for the UWA channel model. For simplification, some researchers used simple method for communication ability estimation such as calculating the packet loss probability which relied on the communication distance only [11] . In addition, the surface of the rolling model was introduced into the hybrid model, which was used for simulating the surface influence precisely on signal Doppler frequency shift, analyzing the channel correlation function characteristics and secondorder statistical properties [12] [13] [14] [15] . Part of the problem is that there is not a standard underwater acoustic channel model by now. The stochastic reproduction of the model has not been successfully compared with the real data, except for the data whose statistic is known [6] .
Therefore, we propose to build the UWA communication quality evaluation model based on the USV (USV-UWACQE) in this paper. The researches of communication quality of the UWA communication network were relatively rare, especially the situation which applied to the UWA communication model of the USV. The USV-UWACQE model is considered for the first time, mainly for the multipath effect and Doppler effect, the ray beam method is utilized, the channel transmission function and the channel gain are obtained, and the mobile communication quality evaluation model is built.
The remainder of the paper is structured as follows. Section 2 describes the USV-UWACQE model from the influence of multipath and Doppler effect. Section 3 conducts simulation and lake experiments to verify and analyze our models. Section 4 concludes our work and discusses some future work.
Model Analysis
Due to the background for the special application of mobile underwater acoustic communication based on the USV, the multipath effect and Doppler effect have a greater impact on the communication quality. Therefore, we conduct the underwater acoustic communication quality evaluation model based on the unmanned surface vehicle (USV-UWACQE) by combining the characteristic of the mobile USV itself and analyzing the impact factor, such as multipath effect, Doppler effect factor, and acoustic signal absorption and expansion. First, we obtain the channel transfer function with the ray beam method [12, 13] :
where 0 is the channel transfer function of the first path signal, is the natural frequency of the signal, ℎ is the impulse response function of the th path, is the Doppler factor of the th path, and is the delay of the th path. The integer of the channel transfer function in frequency bandwidth can be obtained by
where represents the bandwidth of underwater acoustic communication signal, 0 is the initial frequency, and is the channel gain.
where is the strength of the received signal, which is the evaluation metrics of the USV-UWACEQ model.
is the strength of the launched signal.
Influence of Multipath in the Model.
For underwater acoustic communication, seawater is a kind of nonideal loss medium. The signal intensity will decline when transmitted in the medium. In the model of underwater acoustic communication link quality, the decline of this signal can cause energy loss. We consider that the link's energy loss is mainly caused by the wave front expansion, the assimilation of the seafloor, the sea surface, and the sea medium. By ignoring specific propagation, the acoustic signal loss can be estimated by the empirical formula as follows [8] :
where ( , ) is the absorption expansion loss, is the natural frequency of the signal, is the absorption coefficient, and is the distance. Because of the random scattering of medium and the reflections of the seafloor, the sea surface, and the obstructions in the propagation of the sound waves, the sound signal cannot reach the hydrophone at the same time, which leads to the multipath effect of the underwater acoustic channel.
The influence of multipath is very obvious in the underwater acoustic communication system. When the guard interval of each symbol is less than that of multipath delay, the signal symbol overlaps at the time of receipt bringing in the intersymbol interface and increasing the bit error rate. It is assumed that a signal propagates between the transducer and the hydrophone which generates -path signal. And because the relative position of the node is constantly changing, the distance and the propagation time of each path signal is different. We assume that the propagation distance of each path is ( = 0, . . . , − 1) and the transfer function is defined as
where Γ indicates the total reflection coefficient of the -path sound signal which is reflected by the seafloor and the sea surface. And ( , ) is the absorption expansion loss which is represented in (4). Hence, the transfer function of the communication system can be calculated by
where is the propagation delay of the -path signal which can be obtained by = / − 0 , 0 = 0 / , and indicates the constant speed of the sound. Due to the high frequency used in the underwater acoustic communication, the absorption coefficient approximately equals one, namely, ( ) ≈ 1, and the transfer function can be approximated by
where ℎ can be represented by
where Γ indicates the total reflection coefficient of the -path sound signal which is reflected by the seafloor and the sea surface. is the spreading factor. The signal transfer function can be calculated by substituting (7) into (6):
where 0 is the channel transfer function of the first path signal, is the natural frequency of the signal, ℎ is the impulse response function of the th path, and is the delay of the th path.
Influence of Doppler Effect in the Model.
The Doppler effect is the frequency's shift and extension caused by the relative movement between the transducer and the receiving hydrophone. The Doppler effect is described by the Doppler factor which is calculated by
where V is the relative speed between the transducer and receiving hydrophone and is the sound speed. We assume that the relative speed between the transmitting and receiving platforms is 1.5 m/s, the system operating frequency is 20 kHz, and the Doppler shift caused by the relative motion = ⋅ V/ is 20 Hz. And the receiving end of the synchronization and the decoding is seriously affected in the later part, thus affecting the communication quality.
The speed of the sound has an effect on the Doppler factor. The temperature, salinity, and depth are the main parameters that influence sound speed. We can conclude the empirical formula through many measurements on the sea as follows 
where is the temperature, is the salinity, and is the depth. In the communication system of the USV equipped with underwater acoustic modem, there is CTD on the USV which can collect the marine environment parameters in real time. Using the empirical formula, we can get the sound speed which can provide data support for the Doppler effect estimation and communication channel model. Figure 1 shows that the speed of the USV, the speed of the sound, and the Doppler factor change with the distance in the USV mobile communication experiment within 1 km. As can be seen in the figure, Doppler effect cannot be ignored in underwater acoustic communication by USV.
The vertical movement was caused by the sea surface waves and the horizontal movement was brought about by the speed of the USV affecting the Doppler factor. The speed of the USV can reach a few meters per second, and the Doppler effect on the model cannot be ignored with the influence of the wind, wave, and motion of the USV.
It is assumed that the direction of the transmitting transducer is fixed and known in the USV-UWACEQ model. And the Doppler factor can be defined by
where 1 is the vertical angle between the transmitting transducer and the receiving hydrophone, 2 is the horizontal angle between the transmitting transducer and the receiving hydrophone, and V and V V are the velocity of the vertical and the horizontal. In order to calculate the Doppler factor, the navigation state model of the USV is introduced, which is based on the six-degree-freedom nonlinear equations considering the impact of the marine environment, such as wind, waves, stream, and damp [17] .
In the process of underwater acoustic communication, the USV motion is decomposed in horizontal and vertical parts. The USV is equipped with a Gyro attitude sensor and GPS so as to estimate the parameters, which are used to analyze the communication quality. Thus, we can draw a conclusion that these parameters mainly have an influence on the model, such as pitch rate 
The effect of the Doppler factor is reflected in the transfer function which can be obtained by
The Simulation and Experimental Verification

Simulation Results.
We test the USV-UWACQE model on the condition of the laboratory simulation in Figure 2 . The same parameters are used in the simulations and the lake experiments which are given in Table 1 .
In simulation experiments, we design the desired trajectory in a straight line according to Table 1 . The fixed and mobile simulation results are, respectively, given in Figures 3  and 4 . The results are done five times in the specified position. The horizontal axis is the distance from the transmitter to the receiver and the vertical axis is the signal strength. The blue asterisk indicates the average value of five results every 50 m and the red smooth curve represents the fitted curve in Figure 3 . It can be seen that the fixed signal strength attenuates from about 80 dB to about 55 dB. Similarly, the blue asterisk represents the average value of five results every one meter and the red curve also represents the fitted curve in Figure 4 . And Figure 4 shows that the mobile signal strength attenuates from about 80 dB to about 45 dB. Compared with the two fitting curves, the difference between the fixed and mobile simulation results is about 10 dB, which is caused by the various position of the receiver when the USV is moving. Figure 5 , we conducted lake experiment using our USV in Qingdao Jihongtan Reservoir on July 15, 2015. The depth is approximately 10 m and the perimeter of the reservoir is 14.3 km. A self-contained hydrophone with 256 kHz sampling frequency is fixed about one meter under the USV and is used to record and monitor communication signals.
Experimental Verification. As shown in
Two EvoLogics underwater communication modems were used in this experiment. One is dipped about 2 m near the shore platform, while the other is located under the USV as a mobile node which is 3 m from the water surface. The USV also has other equipment, such as CTD, a weather station, GPS, electronic compass, and single beam depth sounder. The USV automatically reaches the designated location in the straight line route every 50 m. Then, the USV sends and receives signals in stationary status. Due to the tough experimental conditions and improper operation, some data was unfortunately lost at 250 m, 500 m, and 800 m.
As shown in Figure 6 , the blue star indicates the signal strength and the red curve represents the fitted curve which has been obtained in Figure 3 . Within 1 km, the signal strength attenuates from about 89 dB to about 42 dB. Compared with the fixed points' simulation results, the trend of the attenuation is the same. After 500 m, the experimental results are larger than the simulation results about 5 dB. We analyze that the main reason is the effect of the wind and waves of the lake.
In order to test the quality evaluation model, we conduct a mobile experiment. We define that the desired trajectory is a straight line along north direction, the starting point is 36
∘ 20 35 N, 120 ∘ 12 25 E, and the ending point is 36 ∘ 21 12 N, 120 ∘ 12 25 E. USV sails automatically straight line 1 km in mobile communication experiment using path following automatic control. The mobile lake experiment results are shown in Figure 7 .
As indicated in Figure 7 , the blue star indicates the signal strength and the red smooth curve is the mobile fitted curve which is shown in Figure 4 , and the black curve represents the fixed fitted curve which is depicted in Figure 3 . We can see that the attenuating trends of these three curves are consistent in the range. Fixed and mobile experimental results differ about 10 dB, which is caused by the Doppler effect with the movement of the USV.
Conclusions
In this paper, aiming at some problems such as the difficult construction of UWA communication network and the uncertainty of communication quality, the UWA mobile communication quality evaluation model of the USV is proposed. The simulation and the lake experiments verify the reasonability and the effectiveness of the evaluation model. The model proposed in this paper can not only be used for the network construction of USV UWA nodes, but also provide the basis for constructing the network of other mobile nodes such as the AUV and ROV.
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